This paper focuses on the investigation of the liquid-gas (or vapor) interface, which occurs in very small diameter pores. A mathematical model is built to formulate the movements of a liquid column trapped in a capillary pore. The Navier-Stokes equations are applied to the liquid side with assumed no-slip conditions, while the Young-Laplace equation is used to formulate the shape of the interface. This theoretical model calculates both velocity profiles in the liquid side and transient profiles of the interface itself; and of particular interest, it predicts the pressure difference, oscillation frequency and amplitude required to burst this interface. These predicted parameters are examined by the experiments with both oscillating Coherent Porous Silicon (CPS) wicks and porous plastic wicks. This research helps better understanding the phenomena such as multiphase flow in porous media or de-watering process that happens in vibro-separators. 
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INTRODUCTION
Investigation of the dynamic behavior of a liquid-gas (or vapor) interface in pores with high aspect ratios is useful for many applications such as the multiphase flow inside a Coherent Porous Silicon (CPS) wick for a Loop Heat Pipe (LHP) system [1] , or the dewatering process for the product cakes accumulated on the porous screens of vibro-separators [2] .
In these applications, if a static pressure difference is applied across the porous wick, liquid columns are formed along the micron-sized pores (shown in Figure 1 ). The liquid-gas interface is generated on the bottom of the liquid column with the shape of a meniscus. If the applied pressure is large enough, the meniscus will burst, this phenomena is called Bubble Burst Through (BBT). In some applications such as in the pharmaceutical industries, the dilute pharmaceutical slurries that need to be de-watered usually accumulate on the top of a porous screen as a product cake. Due to the formation of the liquid-gas interfaces like those shown in Figure 1 , water is not able to go through the porous screen automatically by its own gravity if those pores are very small. To enhance the de-watering process, a sinusoidal vibration is always applied to the porous screen as well as the application of a static pressure difference. In this paper, a mathematical model is built to simulate the movements of a liquid column trapped in a capillary pore. The velocity profile of the fluid and the transient profiles of the gas-liquid interface can be calculated by this model and the pressure difference, oscillation frequency and amplitude that are required to burst liquid-gas i nterface can be predicted and compared with experimental results.
Figure 1 Liquid columns formed in porous wick
THEORETICAL MODEL
The pore sizes discussed in this paper are in the range from several microns to hundreds of microns. The disjoining/conjoining pressure is negligible. [3] For the static case, it is well known that if the disjoining/conjoining pressure is not considered, the capillary pressure is given by the surface tension σ, wetting angle β and the pore size r C :
If the applied static pressure difference exceeds the maximum capillary pressure, P C , the gas-liquid interface (meniscus) will burst.
Due to the sinusoidal oscillation applied across the wick, the dynamic case is more complicated. To simplify the problem, only one liquid column trapped in a small capillary pore is considered (in Figure  2) . Its top is covered with a very thin liquid layer with a thickness, h, that is negligible compared with the wick thickness, H. P 1 and P 0 denote the pressure above and beneath the liquid respectively. The liquid column is incompressible and has a radius of r C and viscosity of ν. Coordinates ( R, Z ) are in an inertial reference frame while coordinates (r, z) are fixed on the bottom of the solid and translating relative to the inertial reference frame. 
Where σ, P ∆ are the surface tension and pressure difference across the interface, respectively; C is curvature, and η, γ are the coordinates shown in Figure 2 .
If the aspect ratio of the pores (the ratio between the length of the pores H and the pore size r C ) is high, the flow pattern of the fluid near the meniscus is different from that inside the liquid column. In the region near the meniscus, the radial velocity is comparable to the axial velocity and the fluid pattern is rather complicated, but the fluid inside the liquid column is similar to a one-dimensional unsteady flow in a long tube. In this paper, the main interest is on the flow pattern far from the meniscus and that the calculated meniscus profiles is an approximation neglecting the lateral flow near meniscus.
If S is the displacement of the (r, z) system relative to (R, Z), we can relate the absolute acceleration a of a particle to its velocity V relative to the moving system:
Since the fluid is incompressible, introducing Equation (3) into the Navier-Stokes Equation:
Since the pore length H is much larger than the pore size r C , the fluid is fully developed and if ) /( gH r C ρ σ << , the effect of gravity is small; the z-direction momentum equation of Equation (4) is simplified as:
Where P ∆ is transient pressure difference across the liquid column, which initially equals to the static pressure difference applied, 0 1 P P − ; velocity u z is a function of r and t; relative displacement S is only a function of t; and the transient pressure difference across the interface ∆P is dependent of both time, t, and also the curvature of the meniscus C.
If the external vibration applied to the porous wick has amplitude A and frequency 0 ω the displacement of the system (r, z) relative to (R, Z) will be:
The transient pressure difference ∆P is common to both Equation (2) and (6). It will influence not only the geometry of the meniscus but also the flow distribution inside the liquid column. In addition, due to the mass conservation
Where η 0 is the maximum depth of the meniscus cap, which equals to r C when the contact angle is optimum.
Equations (2), (6), (7), with proper boundary and initial conditions, generate a closed form of the problem. The movement of the meniscus will be analogous to that of a forced mass-spring damper system. To obtain the dimensionless forms of these equations, let 
DISCUSSION AND RESULTS
There are two dimensionless parameters in Equation (8), one is kinetic Reynolds number, which is defined as:
It's the ratio of the inertial force and viscous force. In low Reynolds number, the viscous force dominates; while in high Reynolds number, the inertial forces dominates and the liquid column behaves more like an inertial mass.
The other dimensionless parameter is defined as: 
This is the ratio between the external acceleration applied to the system and characteristic acceleration of the system.
As mentioned earlier, the movement of the liquid column is analogous to that of a forced mass-spring damper system and the viscous force behaves as the damping force. The velocity inside the liquid column is initially zero. When the vibration is applied to the system, the central core of the fluid accelerates uniformly, but the fluid near the wall region is retarded by friction. The viscous effect will be transferred to the core area and the uniform central core region will shrink.
When there is no static pressure applied to the system and with kinetic Reynolds number Re k = 250, the velocity profiles of fluid inside the liquid column are shown in Figure 3 and the corresponding transient meniscus profiles are shown in Figure 4 . The velocity is initially zero and the meniscus is flat. At t=0.25 T, it is found that the velocity profiles are uniform in the core region but retarded near the wall area, and the overall flow rate of the whole region is positive while the meniscus is moving up. At t=0.65T, the flow rate reaches the maximum value while the meniscus continues to move up. After this moment, the overall flow rate begins to decrease. At t=1.35 T, though the velocity is still positive in the central core region, it is negative near the wall region due to the viscosity, this causes the overall flow rate reaching zero; at the same time the meniscus reaches the maximum positive position. After this moment, overall flow rate will be negative and the meniscus moves down. At t = 2.0 T, the flow rate reaches the maximum negative value while the meniscus continues moving down until reaches the maximum negative position. To show the movements of the meniscus versus time more clearly, the displacements of the meniscus at the point r = 0 can be plotted versus time (shown in Figure 4 , assuming there is no external static pressure applied across the liquid side). Its movement is similar to the forced oscillation of a classic viscous damper. Due to the viscosity, the curve of the displacements of this point becomes smoother with time. There are two different frequencies: one is the characteristic frequency of the system ω n , which is determined by the viscosity and the pore size; the other is the applied frequency ω 0 . Since the pore sizes investigated here are very small and thus ω n is very large, but in this paper, only the situation that ω n is larger than ω 0 is addressed. During the movements of the liquid column, if the transient pressure difference across the liquid-gas interface is larger than the maximum capillary pressure, the interface will burst. There are two curves plotted in Figure 6 : one for which there is no static pressure difference across the wick ) 0 ( * = ∆ P , the other for which there is a static pressure difference
. For each case, if the operating point of the system is in the region above the curve, the interface will burst; if not, the interface will not burst. Whether the meniscus bursts or not will depends upon the kinetic Reynolds number, the applied external amplitude, frequency, the pore size and the characteristic time scale T that is determined by the properties of the wick and the fluid (such as fluid density, surface tension, pore length and diameter).
Burst through parameters can be easily predicted using the above curves. For example, if there is no static pressure difference applied, for water with ν = 10 -6 m 2 /s in a pore size with radius r C = 20 µm, length H = 3 00 µm; surface tension for air-water is 0.072N/m. Therefore the time scale T=4.08×10 -5 s, and from Equation (13), Re k = 9.8. From Figure 6 , it is found that burst through will happen if dimensionless parameter, D, is larger than 1.58. If the applied external frequency is ω 0 /(2π) = 500 Hz, from Equation (14), the burst through amplitude will be 1.93 mm. These predicted parameters can be compared with the experimental results discussed later.
EXPERIMENTS
Figure 7 Test Schematic
An easy and efficient experimental approach to verify the mathematical model discussed earlier is to check the predicted burst through parameters from the model. A test schematic is shown in Figure 7 : a package that contains a porous wick is fixed on the top plate of a mechanical shaker; water is injected carefully into the package chamber and saturates the wick, thus water columns are formed along the pores. If there is no static pressure difference applied, the water will not burst through by its own gravity due to the surface tension. A one-dimensional sinusoidal oscillation generated by the HP analyzer is amplified and transferred to the shaker as well as the package and wick. The vibration parameters such as amplitude and frequency can be monitored by the HP analyzer through an accelerometer attached on the top piece of the package.
Figure 8 Experimental Results
Five different sized wicks are tested here: a silicon porous wick with an average pore size (diameter) of 20 microns, which is fabricated with CPS technology [5] , and four plastic wicks with pore size of 57 microns, 100 microns, 250 microns and 500 microns respectively, which are fabricated with laser machining [6] .
From Equation (13), if the pore geometry and fluid properties are fixed, the kinetic Reynolds number is also fixed; five different sized wicks represent five different kinetic Reynolds number.
In Figure 8 , the curve is derived from the mathematical model (same as that in Figure 6 ). The triangular markers represent points where burst through phenomena happens during the experiments, and the square markers represent operating points where the burst through does not happen. Due to the limitation of the shaker (its maximum acceleration is 300 m/s 2 ), if there is no static pressure difference applied, burst through phenomena is not found for the lower kinetic Reynolds number (smaller pore size) where burst through requires much higher accelerations. But for the higher kinetic Reynolds number (larger pore size), it is found that burst through phenomena does happen.
There are several reasons that may cause the errors: first, in the model, there is only one liquid column is considered; but in the experiments, multiple pores are fabricated in the plastic wicks and in the CPS wick, there are hundred of thousands of pores. Second reason is that since the accelerometer is attached on the top piece of the package, not the porous wick itself, the measured frequency and amplitude may not be exactly the same as those of wicks. And another reason that may cause the error is that in the model it is assumed that the thickness of the liquid layer accumulated on the top of the wick is negligible compared with the thickness of the wick, b ut in the experiments, sometimes the thickness of this liquid layer is comparable to the thickness of the wick. Other factors that may cause the errors include the facts that the pores are not exactly circular and the aspect ratios of the pores are not high enough.
SUMMARY AND CONCLUSIONS
A mathematical model that includes the Navier-Stokes equations, Young-Laplace equation and mass conservation relations is built to simulate the movements of a liquid column with a liquid-gas meniscus. The velocity profiles in the liquid side, as well as bubble burst through parameters can be calculated by this model. The predicted burst through parameters are consistent with experimental results.
